Dipole oscillation is studied in a normal phase of a trapped Bose-Fermi mixture gas, composed of singlespecies bosons and single-species fermions. Applying the moment method to the linearized Boltzmann equation, we derive a closed set of equations of motion for the center-of-mass position and momentum of both components. Collisional relaxation of dipole oscillations in a trapped two-component mixture gas is characterized by a single relaxation time associated with the conservation of total momentum. Solving the coupled equations, we observe a transition/crossover of dipole modes between collisionless and hydrodynamic regimes. Temperature dependence of the dipole modes are also discussed. In the collisionelss regime, two types of oscillating mode are observed. In the hydrodynamic regime, the in-phase mode exhibits oscillations. In addition, we also nd two purely-damped modes: fast and slow relaxing modes. Physics of our results are applicable to dipole modes in two-component mixture gases with other quantum statistics. arXiv:1909.10178v1 [cond-mat.quant-gas] 
I. INTRODUCTION
Cooling and con ning technologies of atomic gases have given us opportunities for studying quantum many-body systems experimentally. One of the most interesting achievements is realization of quantum mixture gases, composed of two polarized atoms [1] [2] [3] [4] [5] , two isotopes [6] [7] [8] , and two different species of atoms [9] [10] [11] [12] . In comparison with the wellknown quantum liquids, 3 He and 4 He, the quantum gases are richer in variety of combinations, with changing not only quantum statistics and ratio of number of particles, but also mass ratio, strength of interaction, and geometry of con nement [13] .
Many kinds of mixtures are achieved in these decades, and in particular, a Bose-Fermi mixture becomes one of the most popular and hot topics in investigation of static and dynamical properties. In static cases, heteronuclear Bose-Fermi molecules [11] and degenerate Fermi gas with a Bose-Einstein condensate (BEC) [12] have been investigated. In dynamical cases, collective modes have been mainly investigated experimentally, such as dipole oscillation [9] , quadrupole oscillation [10] , and breathing modes of a BEC with a fermionic reservoir [14] . Furthermore, theoretical studies of collective modes are also investigated: monopole and multipole modes [15] [16] [17] , low-lying modes in spinor Bose-Fermi mixture gases [18] , density and single-particle excitation [19] , and a dipole mode using the variational-sumrule approach [20] .
A collective mode, exhibited by uctuation of number density, is often characterized by collisional processes, where local quantities relax to equilibrium during collisions. In particular, a competition between two time scales is important: a relaxation time τ and a period of a collective mode given by a frequency ω. A hydrodynamic mode is characterized by ωτ 1, where the relaxation time is su ciently shorter than the oscillatory period of the collective mode. In contrast, a collisionless mode is characterized by ωτ 1, where the relaxation time is su ciently longer than the oscillation period of the collective mode. Indeed, a smooth crossover has been observed between those collisionless and hydrody-namic modes in ultracold atomic gases [21, 22] .
In an earlier study [23] , we studied a collective sound mode in the normal phase of a uniform Bose-Fermi mixture gas, composed of single-species bosons and single-species fermions, where s-wave scattering is assumed for both intraspecies and interspecies collisions. In this system, collisions between single component fermions are always absent because of the Pauli-blocking within s-wave scattering. An interspecies scattering-a Bose-Fermi scatteringis reduced at an extremely low temperature because of the Pauli-blocking, which leads to the collisionless regime. On the other hand, an intraspecies scattering-a Bose-Bose scattering-becomes important at an extreme low temperature because of Bose-enhancement, which may lead to the hydrodynamic regime. These competitive quantum statistical properties may give rise to an interesting feature of collective modes. The earlier study showed that there surprisingly exists a long-lived sound mode in a crossover regime between hydrodynamic and collisionless regimes [23] , in contrast to our general knowledge, where a life-time of the collective mode is very short in the crossover regime.
In this paper, we study dipole oscillation of a trapped Bose-Fermi mixture gas, composed of single-species bosons and single-species fermions, which is a more experimentally accessible case in ultracold gases. We focus on a normal phase, where neither Bose-Einstein condensate nor fermionic pair condensate exists. The dipole oscillation is a one-dimensional dynamics of two centers of mass for bosons and fermions. Two components may oscillate in or out of phase modes. An earlier experiment observed the dipole oscillation in both the collisionless and hydrodynamic regimes [9] . However, it is still not clear how the collisionless dipole modes turn into the hydrodynamic dipole modes in mixture gases. To reveal the behaviors, we employ a moment method, which is based on the Boltzmann equation linearized to rst order in the deviations of the distribution functions from equilibrium solutions [24, 25] . In a classical gas as well as a quantum gas, this method is useful for analyzing dynamics of a dilute gas, a feature of which is to describe a crossover between collisionless and hydrodynamic modes consistently [26] [27] [28] [29] [30] [31] .
In the following sections, we derive both frequency and damping rate of dipole modes by using the moment method. We explain that the dipole modes depend on a single relaxation time, which comes from interspecies scatterings associated with the conservation of the total momentum. In the collisionless regime, we show that there are two types of oscillating mode, a frequency of which is comparable to one of harmonic trap frequencies. In the hydrodynamic regime, we show that an oscillating mode disappears and turns into two purely-damped modes, while the other oscillating mode remains as an in-phase mode. One may easily expect the existence of a fast relaxation mode in this regime, since it is analogous to the well-know di usion mode or spin drag in a uniform gas. In a trapped gas, we nd that the relative centerof-mass motion gives rise to a slow relaxing mode, where two separated clouds are gently mixed with a long time. Physics of the dipole oscillation obtained in this paper is applicable to other kinds of two-component mixture gases.
II. MOMENT METHOD

A. Boltzmann equation
The Boltzmann equation for a distribution function f α = f α (r, p, t), as a function of position r , momentum p, and time t, is described by
where the single-particle energy ε α = ε α (r , p, t) with an atomic mass m α is given by
Here, α = {B, F} represents bosons and fermions, respectively. The potential energy U α = U α (r, t) is given by meaneld terms and a trapping potential as follows:
Here, BB and BF are coupling strengths of Bose-Bose and Bose-Fermi scatterings, respectively, and n α is a number density, de ned by momentum integration of the distribution function:
We note that s-wave scattering lengths a BB and a BF are related to the coupling strengths as BB = 4π 2 a BB /m B and BF = 2π 2 a BF /m BF , respectively, with a reduced mass m BF ≡ m B m F /(m B + m F ). We do not take into account a term of Fermi-Fermi interaction, because we consider single-species fermions with s-wave scattering. The trapping potential U trap α (r ) for α = {B, F} is given by
where ω α and λ α ω α denote axial and radial harmonic trap frequencies, respectively. The collision integrals I B,F in the present case are given by
(6b)
The collision integral I α β for {α, β } = {B, B}, {B, F}, {F, B} is de ned by
In the right hand side of Eq. (7), we have used the following notations:
These delta functions are due to the fact that both momentum and energy are conserved in the binary collisions. In addition, the distribution function f α (i) (i = 1, 2, 3, 4) is an abbreviation of f α (r , p i , t), and we take η B = +1 and η F = −1, depending on the quantum statistics [32] . The single-particle energy ε 0 α (p) in the collision integral is given by Eqs.
(2) and (3) with n B and n F replaced by their equilibrium values n 0 B and n 0 F , respectively. Here, the equilibrium number density n 0 α for α = {B, F} is given by Eq. (4) with an equilibrium distribution function f 0 α , which is either a Bose-Einstein distribution function f 0 B or a Fermi-Dirac distribution function f 0 F , given by
where a chemical potential µ 0 α and an inverse temperature β = 1/(k B T ).
B. Linearization
In order to study dipole oscillation, we introduce a deviation of the distribution function from an equilibrium state, given by δ f α = f α − f 0 α for α = {B, F}. By assuming that our system is near equilibrium, we expand the Boltzmann equation (1) to rst order in δ f α . From this linearized version of Eq. (1), one can derive an equation of motion for an average of an arbitrary physical quantity χ (r , p) as
where we de ne the following moments:
with a total number of particles N α . The uctuation of the potential energy δU α in Eq. (10) is given by δU B = 2 BB δn B + BF δn F and δU F = BF δn B , where the deviation of a number density δn α is also de ned by δn α = n α − n 0 α for α = {B, F}.
C. Moment equation
Dipole oscillation is described by displacement of the centers of mass of both bosonic and fermionic clouds. Assuming the dipole oscillation in the z-direction, we take χ = z, p z in Eq. (10) . We then obtain a coupled set of equations of motion for δ z α and δ v z α ≡ δ p z α /m α . However, the resulting moment equations are generally not closed because of both the mean-eld and collision terms. In order to truncate these terms, we introduce the following ansatz:
where we assume that b α (t) = b α (t)ẑ, and b α (t) does not depend on the position. One can relate b α to the velocity eld by v α = p /m α = −b α /3. Using the ansatz of Eq. (12), we obtain the following closed set of coupled moment equations for {α, β } = {B, F} and {F, B}:
and ∆ is a mean-eld contribution, which depends on pro les of the number densities, given by
Regarding the collision terms, the contribution zI α vanishes, because the collisions conserve the number of particles of each component. We also nd that p z I BB vanishes, because Bose-Bose collisions conserve the momentum of bosons. On the contrary, Bose-Fermi collisions conserve the total momentum, but not the momentum of each component. We thus have non-zero contributions from p z I BF and p z I FB . Within our truncation scheme, these collisional contributions are given as
where the single relaxation time τ is commonly appeared in both the p z I BF and the p z I FB , and the inverse of τ is given by (13) can be reduced into the following form:
where
By considering the normal-mode solution u ∝ e −iωt of Eq. (17), we obtain the following quartic equation of ω for nontrivial solutions:
We note that a statistical e ect appears in both the relaxation time τ and the mean-eld e ect ∆.
In the absence of the mean-eld e ect ∆, Eq. (13) is consistent with a classical model of the coupled equations of motion for the clouds' centers of mass [9, 33] , which phenomenologically includes the collisional damping term. On the other hand, our coupled set of equations Eq. (13) is obtained from the Boltzmann equation (1), and introduces the mean-eld e ect and the relaxation time microscopically, which include the quantum statistical e ects. Although both the frequency and the damping rate of an oscillating dipole mode were studied in both the collisionless and hydrodynamic limits in the earlier paper [9] , there is still room for research about solutions of the coupled equations, physics of dipole modes, and their transition/crossover. The formulation in this paper can be easily extended to other types of two-component mixture gas, such as Bose-Bose and Fermi-Fermi mixture gases with s-wave scattering interactions, by simply replacing a few parameters and signs depending on the quantum statistics, because a single characteristic relaxation time similarly emerges for the dipole modes in these mixture gases. The single characteristic relaxation time comes from the interspecies collision integral, and a relaxation time that comes from the intraspecies collision integral is absent, because of the conservation law for scatterings between the same component atoms, or because of the Pauli-blocking in a Fermi-Fermi mixture gas.
III. RESULTS
A. Collisionless and hydrodynamic limits
To extract analytic expressions for ω = Ω − iΓ that determines both frequency Ω and damping rate Γ of dipole modes, we rst focus on the collective modes in the two limiting cases: the collisionless regime and the hydrodynamic regime.
In the collisionless limit ω B,F τ 1, from Eq. (19), we obtain two types of oscillating mode (Ω + , Γ + ) and (Ω − , Γ − ), where the frequency Ω ± and the damping rate Γ ± are given by
with
. Physics of the eigenmodes in the collisionles regime are more clearly shown in the case of the absence of the mean-eld e ect, ∆ = 0, where the frequency and the damping rate are given by In this case, frequencies of two types of oscillating mode coincide with the harmonic trap frequencies. Eigenvectors associated with these modes are given by
regardless of normalization, where Eqs. (22) and (23) correspond to the mode of Ω + = ω B and the mode of Ω − = ω F , respectively.
We discuss the eigenvectors in the colissionless limit in the case where ω B ω F . In the Ω + -mode, we have a rela-
which provides that a fermionic cloud shows negligibly small oscillations of the center of mass as well as the velocity eld in the collisionless limit τ → ∞. In this Ω + -mode, an oscillation is mainly given by a bosonic cloud with a harmonic trap frequency Ω + = ω B (Fig. 1(a) ). In the Ω − -mode, in contrast, a fermionic cloud largely oscillates with a harmonic trap frequency Ω − = ω F , providing a relation δ z − Fig. 1(b) ). In this collisionless limit, the ratio of uctuation δ z ±
is a purely imaginary number, and hence the phase di erence between the two interspecies components is π/2 in each mode in the case of ∆ = 0. This anomalous phase di erence π/2 indicates that these modes are neither in-phase nor outof-phase modes, which originates from the fact that the moments are coupled through the relaxation, but not the meaneld e ect.
In the hydrodynamic limit ω B,F τ 1, from Eq. (19), we obtain an oscillating mode and two purely-damped relaxation modes (fast and slow relaxing modes), frequencies and damping rates of which are respectively given by where
The mode given by ω in − iΓ in represents an in-phase oscillation of two components. In the absence of the mean-eld e ect, ∆ = 0, an eigenvector of the in-phase mode is simply given by
regardless of normalization. One immediately nds a rela-
, which indicates that in this in-phase mode, uctuations of both bosonic and fermionic clouds are equivalent: δ z B = δ z F and δ v z B = δ v z F , and the phase di erences between δ z B and δ z F as well as δ v z B and δ v z F are absent. In the hydrodynamic regime, Bose-Fermi collisions lead the mixture gas to local equilibrium so fast that one component is dragged and accompanied by the other component (Fig. 2) .
In the case of equal trap frequencies, ω B = ω F , the damping of the in-phase mode vanishes.
One of the two purely-damped relaxation modes is the fast relaxing mode, the damping rate of which is simply given by Γ fast . The other is the slow relaxing mode, the damping rate of which Γ slow is proportional to τ . Both purely-damped relaxation modes are out-of-phase modes. Indeed, in the case of ∆ = 0, eigenvectors of the fast and slow relaxing modes are respectively given by
regardless of normalization. Both Eqs. (27) and (28) give a re-
where two purelydamped relaxation modes involve the out-of-phase motions of the two components with a phase di erence π.
One can see distinct features of two relaxation modes from the eigenvectors in Eqs. (27) and (28) . From Eq. (27), the fast relaxing mode involves a large relative velocity and a small spatial deviation, since δ z fast B,F /δ v z fast B,F = −τ → 0. In contrast, from Eq. (28), the slow relaxation mode involves a small relative velocity and a large relative spatial deviation, since δ v z slow B,F /δ z slow B,F = −τ ω 2 B ω 2 F /ω 2 in → 0. These two distinct relaxation modes can be selectively excited by choosing an appropriate initial state. If initial two clouds are substantially overlapped at the center of the trap with a large relative momentum, the system approaches the static equilibrium quickly due to the fast relaxation mode ( Fig. 3(a) ). This type of relaxation process is also present in a uniform mixture gas. In contrast, if the two centers of mass are su ciently separated with a small relative momentum as an initial state, then two atomic clouds gently relax to be mixed due to the slow relaxation mode ( Fig. 3(b) ). We note that this type of slow relaxation mode is unique to a trapped system, since the damping rate of this mode vanishes in the limit where the trap frequencies are zeros.
These facts can be clearly seen in the following way. A general dipole motion in the hydrodynamic limit is given by a linear combination of the in-phase oscillating mode and the two purely-damped modes. By using Eqs. (24), (26), (27) , and (28) in the case of ∆ = 0, we have an expression
where C in , C fast , and C slow are coe cients determined by an initial condition. For example, for the initial condition where two clouds at the center of the trap are kicked in the opposite directions, i.e., δ v z B = −δ v z F = v 0 and δ z B,F = 0, the coe cients are approximately given to the rst order in τ as
(30c)
In the hydrodynamic limit τ → 0, the weight of the slow relaxing mode C slow is negligibly small. In particular, in the case of ω B = ω F and M B = M F , one has C in = 0. Consequently, only the fast relaxing mode is excited. On the other hand, for the initial condition where two clouds are spatially separated without initial velocities, i.e., δ z B = −δ z F = z 0 and δ v z B,F = 0, the coe cients are approximately given to rst order in τ as
The weight of the fast relaxing mode C fast is negligibly small in the hydrodynamic limit τ → 0. Again, in the case of ω B = ω F and M B = M F , one also has C in = 0. In this case, only the slow relaxing mode is excited. Based on the results in these two limiting cases, we expect an interesting transition/crossover feature of the dipole oscillation. In the collisionless limit, there are two types of oscillating mode. In particular, in the case of ∆ = 0, one mode involves the oscillation of a bosonic cloud, and the other involves the oscillation of a fermionic cloud. In the hydrodynamic limit, a single dipole oscillation survives as an in-phase mode; the other oscillating mode vanishes, and two purelydamped out-of-phase modes emerge. In the next subsection, we focus on this transition/crossover of the dipole mode.
B. Transition between collisionless and hydrodynamic regimes
We investigate the transition/crossover of dipole modes between the collisionless and hydrodynamic regimes by solving the moment equation (17) in the whole range from the collisionless to hydrodynamic regime. We rst focus on the collective modes as a function of the relaxation time τ in the absence of the mean-eld e ect ∆. Figures 4(a) and (b) show the relaxation time dependencies of the frequency and the damping rate, respectively. The frequency of the Ω + -mode in the collisionless regime shows a smooth crossover to the in-phase mode with decreasing the relaxation time τ (Fig. 4(a) ). In the crossover regime, the life-time of this mode becomes the shortest (Fig. 4(b) ). In contrast, the frequency of the Ω − -mode in the collisonless regime drops to zero at a certain value of the relaxation time ( Fig. 4(a) ). After this transition, the damping rate of this mode shows a bifurcation, where both the fast and slow relaxing modes emerge ( Fig. 4(b) ). These behaviors of eigenvalues indicate that not all the dipole modes show the smooth crossover, as in the case of the crossover between zero and rst sound modes.
Regarding the Ω + -mode in the collisionless regime, oscillation of the center of mass is dominated by bosonic cloud (Fig. 4(c) ), where the phase di erence is π/2 ( Fig. 4(d) ). With decreasing the relaxation time, the in-phase mode emerges with the frequency ω in , where both bosonic and fermionic clouds oscillate (Fig. 4(c) ). The amplitudes of this mode are the same for both the bosonic and fermionic clouds in the hydrodynamic regime ( Fig. 4(c) ), where the phase di erence approaches zero ( Fig. 4(d) ).
Regarding the Ω − -mode in the collisonless regime, oscillation of the center of mass is dominated by fermionic cloud (Fig. 4(e) ), where the phase di erence is also π/2 ( Fig. 4(f) ). With decreasing the relaxation time, there occurs a transition from the Ω − -mode to the two purely-damped modes, where amplitudes of both bosonic and fermionic clouds bifurcate ( Fig. 4(e) ). In the hydrodynamic regime, the phase di erence of these purely-damped modes approaches π, which clearly indicates the out-of-phase motion ( Fig. 4(f) ).
While Fig. 4 shows that a bosonic cloud oscillates in the whole regime, one can produce an opposite situation as shown in Fig. 5 , where a fermionic cloud oscillates in the whole regime. Figure 5 is the same as Fig. 4 , but for the di erent number ratio N B /N F = 0.1 (while N B /N F = 0.5 for Fig. 4 ). In the collisionless regime, the Ω + -mode and the Ω − -mode are also dominated by bosonic cloud (Fig. 5(e) ) and fermionic cloud ( Fig. 5(c) ), respectively. However, as opposed to the case shown in Fig. 4 , the Ω − -mode smoothly connects to the hydrodynamic in-phase mode (Figs. 5(a) and (c) ), and the Ω + -mode shows a bifurcation of the two purely-damped modes (Figs. 5(b) and (e)). Thus, changing parameters, such as a number ratio, a mass ratio, and trap frequencies, induces the change in the nature of the collective modes, i.e., which species (bosons or fermions) are dominant in the collective oscillations and which mode connects to the in-phase mode. From the numerical results of the moment equation (17), we observe that the ratio of M B ω B and M F ω F is an important factor that determines the dominant species for the center-ofmass motion, though the rigorous mathematical proof is yet to be provided.
One can see from Eqs. (27) and (28) that two purelydamped modes have distinct features in the motion of the center-of-mass positions and the velocity elds of bosons and fermions. In the hydrodynamic limit, the slow relaxation mode is dominated by relative displacement of the centers of mass, while the fast relaxation mode is dominated by relative velocity of two components. This fact can be clearly seen in Fig. 6 , which shows a ratio of a displacement of the center-of-mass positions to a velocity eld as a function of the relaxation time. The ratio shows a bifurcation when the Ω + -mode turns into the two relaxation modes. In the fast relaxing mode, the amplitude of the velocity eld is much larger than that of the displacement of the center of mass, and vice It is remarkable that the collisionless mode exists in a high temperature region as well as a low temperature region (Figs. 7(a) and (b)). The system shows the transition from the collsionless regime to the hydrodynamic regime and that from the hydrodynamic regime to the collisionless regime subsequently with decreasing temperature. Only within the intermediate temperature region 0.18 T /T F 0.81, which provides ω F τ 0.35 ( Fig. 7(c) ), the collisionless mode disappears and the hydrodynamic modes emerge: the frequency of the Ω + -mode drops to zero ( Fig. 7(a) ), and the bifurcations appear as two purely-damped modes (Figs. 7(a) and (b)).
These behaviors are caused by the non-monotonic temperature dependence of the relaxation time τ (Fig. 7(c) ). In a high temperature region, the system is in the collisionless regime with a long relaxation time, because the gas trapped in the harmonic potential becomes more dilute with increasing temperature. The long relaxation time in the high temperature region is in stark contrast to an uniform gas conned in an in nite potential box. In a low temperature region, the collisionless regime with a long relaxation time also emerges because of suppression of collisions due to the Pauliblocking. The e ect of the mean-eld contribution ∆ is much smaller than that of the relaxation time τ ( Fig. 7(d) ). Ignoring the mean-eld contribution ∆ is a good approximation for a dipole mode in the present case. Indeed, the two purelydamped modes also emerge at ω F τ 0.35 in the absence of the mean-eld e ect ∆.
If the critical temperature T BEC is higher than the Fermi temperatureT F , the collisionless modes do not appear in a low temperature region above T BEC . One may claim that the particle number ratio of bosons to fermions is small in Fig. 7 . We 
We set the total number of fermions as N F ≈ 1.33 × 10 6 , and the total number of bosons as N B ≈ 6.67 × 10 2 . The temperature is scaled by the Fermi temperature T F as well as the critical temperature of Bose-Einstein condensation in a trapped ideal Bose gas, given by
have indeed exaggerated the population imbalance in order to make the critical temperature T BEC lower so that the nonmonotonic temperature dependencies becomes more apparent. When the number ratio exceeds a certain extent, the system remains the hydrodynamic regime even near the critical temperature T BEC .
The numerical results shown here are speci c to a trapped normal Bose-Fermi mixture gas. However, physics of the dipole modes studied in this paper are common in other normal two-component mixture gases. Thus, it is a certain signi cance to compare our results with an experimental results for mixture gases.
An experiment of the dipole oscillation in a strongly interacting Fermi gas has been reported in Ref. [5] . In this experiment, spin polarized fermionic clouds bounce o each other and subsequently show a slow relaxation of displacements of the two centers of mass after 160 ms. The bounce of two clouds may be far-from-equilibrium dynamics and it is beyond the scope of our formalism, where we assumed a small deviation from an equilibrium. Indeed, in the hydrodynamic regime in our formalism, the bounce mode does not emerge. On the other hand, the slow relaxation after the bounce may correspond to our slow relaxing mode in the hydrodynamic regime, the picture of which is consistent with our theoretical results, where the two separated clouds are mixed gently with a long time. Indeed, as discussed by using Eq. (31), the slow relaxing mode alone emerges in the population and mass balanced gas with equal trap frequencies, where initial two clouds are spatially separated without initial velocities.
Finally, we discuss the e ect of an anisotropy of the harmonic potential. In general, one can deal with the anisotropic case by nding the self-consistent equilibrium distributions Eq. (9) . and calculating the mean-eld parameter ∆ and the relaxation time τ . However, one can easily see the e ect of anisotropy in the special case where λ B = λ F ≡ λ in Eq. (5). By introducing the coordinate transformation
one can reduce the harmonic potential to the spherically symmetric form:
whereω α = λ 2/3 ω α . The calculations of Eqs. (14) and (16) can be simply performed after transforming to this spherically symmetric coordinate with a trap frequencyω α . As a result, the mean-eld e ect ∆ and the relaxation time τ in an anisotropic case with λ 1 are respectively given by ∆ = λ −4/3∆ and τ =τ , where∆ andτ are those in the isotropic case for the trap frequencyω α . Although the mean-eld e ect is deformed from this isotropic case, the ratio ∆/ω 2 α =∆/ω 2 α is independent of the anisotropy. In this anisotropic case, Eq. (19) becomes
where the renormalized frequency is de ned asω = λ 2/3 ω. Thus, introducing the anisotropy e ectively replaces τ with λ −2/3τ , with the mean-eld contribution unchanged. In the cigar (pancake) trap case, where λ > 1 (λ < 1), one obtains an shorter (longer) relaxation time than in the isotropic case with λ = 1, and hence the hydrodynamic (collisionless) center-of-mass motion is e ectively enhanced by setting a large (small) anisotropy coe cient λ. Although this argument is based on the special case λ B = λ F , qualitative tendency would not change for more general case λ B λ F ; in the cigar trap case, one obtains e ectively shorter relaxation and thus the collisional e ect is enhanced.
IV. CONCLUSIONS
We investigated dipole modes in a trapped normal Bose-Fermi mixture gas, composed of single-species bosons and single-species fermions. We obtained both the frequency and the damping rate of these modes by using the moment method for the linearized Boltzmann equation. The transition/crossover of these modes between the collisionless and hydrodynamic regimes was demonstrated theoretically. These modes are characterized by the single relaxation time associated with the interspecies scattering. Our formulation is thus applicable to other kinds of normal two-component mixture gases with s-wave scattering interactions.
In the collisionless regime, there are two types of oscillating mode, a frequency of which correspondeds to one of the harmonic trap frequencies in the absence of the mean-eld e ect. In the hydrodynamic regime, one oscillating mode disappears and turns into two purely-damped modes involving out-of-phase motions. The remaining oscillating mode is an in-phase mode. One of the purely-damped modes is the fast relaxing mode, where the relative velocity of the two component is large and the gas quickly relaxes to the static equilibrium. The other purely-damped mode is the slow relaxing mode, where the two separated clouds are gently mixed with a long time, which is unique to trapped gases.
In contrast to uniform systems, trapped gases are in the collisonless regime at high temperatures, because the density of harmonically trapped gases becomes lower with increasing temperature. In the low temperature region, the system may be in the collisionless regime again, because of the Pauli blocking in the Bose-Fermi mixture gas. In the future paper, we will also investigate the transition/crossover of the other multi-pole oscillations in this system, such as monopole mode and quadrupole mode.
